Introduction
As the world becomes increasingly more environmentally conscious, many countries are looking for ways to make products that are both safe for the environment and reduce or eliminate any health concerns for their workers. Considerable collaborative work has been done in the academic, industrial and governmental sectors to find environmentally compliant substitutes for chromium, particularly hexavalent chromium [1] . Sol-gel coatings and conducting polymers are being developed as either barrier coatings or reactive inhibitor systems to replace chromates for corrosion protection [2] . Conversion layers provide the ability to modify the substrate surface to give better adhesion, a surface free of contaminants or a coating layer that contains active corrosion inhibitors.
Among the newer surface modification techniques, plasma electrolytic oxidation (PEO) has recently been successfully applied to light-metals. The term 'light-metals' has traditionally been given to magnesium, aluminum and titanium because they are frequently used to reduce the weight of products due to their relative low densities. The plasma-assisted electrochemical surface treatment PEO process is capable of producing very thick coatings on the substrate materials to enhance their hardness, thermal resistance, dielectric strength, friction coefficient, and wear and corrosion resistance during relatively short time, in addition to its excellent throwing power (the ability of the process to deposit metal uniformly on an irregularly shaped cathode [3] .
For PEO coating growth there are two simultaneous processes occurring, namely the electrochemical and the plasma chemical reactions. The plasma chemistry of the surface discharges is quite complex in nature, involving, on one hand, charge transfer at the substrate/electrolyte interface, and on the other hand, strong ionization and charge transfer effects between the substrate surface and the electrolyte through the oxide layer with the aid of the plasma [4] .
The microstructure and phase content of the coatings are related to the process parameters and to their ultimate corrosion resistance. In this chapter a detailed description of the PEOcoating mechanism will be given supported by detailed diagrams and figures. The effects of the process parameters on the microstructure and associated corrosion resistance of the PEO coatings on Al, Ti and Mg alloys will also be discussed.
Surface modification and treatment for lightweight metals
So far, a number of theoretical and experimental studies had been performed addressing different aspects of the corrosion protection of lightweight metals and their alloys. Surface treatment/modification and coating occurs only on/or close to the surface layer of lightweight alloys and the bulk alloy is left unchanged hence the original mechanical or other properties are not changed.
An overview of the different techniques used for treatment or modification of Mg, Al and Ti alloys is shown in Fig.1 [2, [5] [6] and a comparison of the common surface treatments and coatings is given in Table 1 . Generally, coatings can be divided into three classes: conversion coatings, organic and inorganic deposited coatings. Conversion coatings are produced by chemical or electrochemical reactions between the substrate and the aqueous solutions to form an oxide layer that simultaneously grows inwards and outwards. Such conversion coatings represent an effective way to increase the corrosion resistance of aluminum, magnesium and titanium alloys or, as a pre-treatment, to enhance the adhesion of a final deposited coating [2] .
Treatment/coating Drawback (general) Drawback (environment)
Cost effective organic coating techniques, including sol-gel, painting and powder coating, are typically used after a primary surface-treatment of the substrate. The method most applied to obtain organic coatings is simple dipping in an organic based solution including: gelatin/PLGA particle solution, prospolis and polylactic-co-glycolic acid (PLGA) solution [7, 8] . Metallic protective coatings can be produced from inorganic deposition coatings such as from the gas phase or other physical methods including plasma spraying, chemical vapor deposition (CVD), diamond like coatings (DLC) and lasers. Gas phase coatings are inappropriate for applications involving geometrically complex components. Moreover, physical deposition methods involve high energy consumption, high costs and complex facilities. The most common conversion layers are from electrochemical anodization. Recently, much research has been focused on the selection of electrolytes, including alkaline solutions with additives of phosphate, silicate, and borate substances. However, the anodizing process sometimes suffers from relatively poor performance for example, the European Space Agency was having problems with the black anodizing process [9] . A
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Electro-plating Gas phase coatings are inappropriate for applications involving geometrically complex components. Moreover, physical deposition methods involve high energy consumption, high costs and complex facilities. The most common conversion layers are from electrochemical anodization. Recently, much research has been focused on the selection of electrolytes, including alkaline solutions with additives of phosphate, silicate, and borate substances. However, the anodizing process sometimes suffers from relatively poor performance. For example, the European Space Agency was having problems with the black anodizing process [9] . A comparison between PEO and the hard anodization processes is given in Table 2 . The PEO process can be considered as a combination of anodizing (electrolytic oxidation) and plasma discharging processes. Where, the main similarities between the PEO and anodizing processes, is that both of them involve oxidation of substrate using electrolytic bath and first stage of the PEO process is an anodization process. It is also common to combine two or more techniques for surface coating and/or modification, to obtain properties that are unattainable using an individual technique. 
The PEO process: General comments
The formation of oxide films on metals were first investigated at the beginning of the twentieth century by Günterschulze and then Günterschulze and Betz [11] . They published their first studies on the electrolytic spark discharge produced on aluminum foil in the early 1930s. In the former Soviet Union in the 1960s and 70s, scientists investigated the anodizing process at potentials of over 200 volts for developing parts for the submarine sector and for military purposes. This led to plasma electrolytic oxidation (PEO) technology, which is also known as micro-arc oxidation (MAO) and micro-plasma oxidation (MPO). Hussein et al [12] have provided a detailed historical background of the process. It wasn't until the 1990s that the PEO process gained worldwide recognition as an eco-friendly technology for depositing the tribologically superior and excellent corrosion protection ceramic coatings on aluminum, titanium and magnesium alloys [12] . To date, thousands of a scientific publications dealing with a plasma electrolytic oxidation technology can be found in a wide variety of journals and conference proceedings.
Plasma Electrolyte Oxidation (PEO) is a novel surface engineering technology, considered as one of the most cost-effective and environmentally friendly ways to improve the corrosion and wear resistance of lightweight metals and their alloys [3] . A driving force for PEO developments is the avoidance of expensive equipment required for competing vacuum-based plasma technologies. The substrate is immersed in an aqueous electrolyte (containing neither the concentrated sulphuric acid nor the chromate ions used for hard anodizing) and a high anodic potential is applied to it (typically several hundreds of volts) that trigger numerous microdischarge events at the metal-electrolyte interface, generating high instantaneous temperatures and pressures (T > 40000 K [4] ) and p ~ 100 GPa, [3] ). Different current modes have been utilized in the PEO treatment including, DC, AC, unipolar and bipolar current modes [13] which play important roles in the consequent voltage breakdown, local melting and oxidation of the substrate, quenching and re-crystallization processes. Hence, the formation mechanisms for the coatings are complex due to the involvement of electro-, thermal-, and plasma-chemical reactions in the electrolyte [12, 14] .
A schematic diagram of a commercial setup for PEO coating is shown in Figure 2 [12] . It consists of a stainless steel bath which contains the electrolyte, and which is often water-cooled, a high power electrical source and a pulse generator. The sample under treatment is connected to the output of the electrical source as one of the electrodes (anode), while being immersed in the bath of electrolyte solution. The stainless steel bath acts as a counter-electrode. The technology can be applied to coat a variety of materials, such as aluminum, magnesium, titanium, and zirconium. It can also be applied to alloys that are difficult to anodize with conventional anodizing processes, such as high copper content and high silicon content aluminum alloys (2000 series and A380), and magnesium alloys, with the deposition of layers such as phosphates, silicates and aluminates oxides. This enables the surfaces of metals such as titanium to be converted into very hard materials like TiN 2 or TiB 2 . A key to the development of such coatings lies in the understanding and characterisation of the plasma processes involved in the individual discharges.
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discharges appear as relatively large and long lasting sparks. For some cases, such strong discharges may cause irreversible damage to the coatings in stage IV. Figure 4 shows a fast video imaging of the PEO coating showing the size and color of the micro discharges changing with time of an Al-alloy [17] . At the early stage of the process, intense gas evolution along with some luminescence at the surface is easily observed; this is followed by sparks flashing randomly all over the aluminum alloy surface, Figure 4 (a), while sparks progressively change to micro-arcs (Figure 4(c) ). Finally arcs regime, Figure 4 (d,e) occurring at later stages of the process causing irreversible damages to the oxide layer. 
PEO applications
Oxide coatings have been deposited on aluminum or magnesium alloys for the purposes of protection against wear and/or corrosion. Coatings on titanium have been investigated for potential applications relying on the biocompatibility or photo-activity of titania (TiO 2 ). Among the light alloys, Mg alloys are the most reactive and thus susceptible to corrosion, followed by Al alloys and Ti alloys. In general, such alloys need a specific coating thus allowing for a large range of possible applications across all industrial sectors Depending on where they are used, the coatings should have resistance to chemicals, heat and electricity. PEO-coated products are used in a wide range of applications and industries see Figure 5 , including:
i. Decorative purposes or optical applications: Depending on electrolyte composition and concentration, PEO processing parameters such as color additives and electrical parameters and chemical composition of substrate, the color of PEO coatings can be black, blue, gray, and white. By designing in porosity, a PEO pre-treatment can enhance the adhesion of paints, sol-gel and powder coatings and produce duplex coatings for enhanced properties particularly in aggressive media [9] .
ii.
Thermal Applications: The thermal conductivity of the PEO oxide layer is low and thermal cycling tests, have shown excellent performance at temperatures between -40 to +100°С. Thus, PEO coatings can be used to increase the thermal shock resistance [20] .
iii. Mechanical Applications (hardness, wear and friction): Due to the high hardness and superior tribological performance of the oxide layer formed by PEO process, which for example reduces the wear rate of 6061 Al alloy by a factor of about 30 [21] compared to 2 times for the hard anodized coating, allows a replacement of many parts by PEO coated Mg and Al alloys leading to a reduction in fuel consumption in the automotive and aerospace industries. Improved coating performance that can be obtained has yielded applications for PEO technology in the aerospace industry (fasteners, landing gear, blades, discs and shafts of aircraft engines), the automotive industry (seat frames, doors, pistons and cylinder liners), and the gas and oil industries (gears and rotary pumps) [22] .
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i.
Electric and Electronic Applications: Electrical insulation coatings can be obtained with high dielectric strength for electrical and electronic components. Also PEO is suitable for the hard coating of the inner areas including conic, cavital or cylindrical areas.
ii. Chemical Applications: PEO coatings can be used in chemical industries due to the coatings resistance to aqueous environments and resistance to strong acids and strong bases.
iii. Biomedical applications: Surface engineered titanium and magnesium alloys for biomedical devices including degradable biomaterials and dental implants [23] .
Coating surface morphology and microstructure
The surface morphology and coating microstructure will have a significant impact on the corrosion behaviour which is governed by the level of porosity and defects as well as the thickness of the dense layer. Most of the studies discussed in this section used scanning electron microscopy (SEM) and transmission electron microscopy (TEM) to observe the surface and cross sections of the coatings.
The surface of PEO coatings typically show a 'pancake' structure wherein the center of each pancake was a discharge channel through which the molten elements surged out of the channel and quickly solidified leaving distinct boundaries that define each pancake [24] [25] . Figure 6 shows a discharge channel from which the molten material is ejected, as result of greater energy input. The relatively large holes in the center of the pancake suggest that there are strong discharges and such holes may penetrate deep into the coating thickness. The discharge channel is shown to be surrounded by solidified material and some localized micro-cracks which may form as result of a rapid cooling by the electrolyte. Where stronger discharges have greater energy inputs which causes a larger amount of substrate and its oxide to melt down, and eventually the molten material is ejected onto the surface, forming larger ceramic particles when it is immediately cooled by the electrolyte. Some microcracks appear on the coating surface: which could be produced by the thermal stresses during the rapid solidification of the molten oxide product in the strong discharge channels [26] . The molten oxides around the pores indicate that the instantaneous temperature in the micro discharge zone might reach several thousand degrees. The surfaces of other coatings were dominated by many randomly arranged curly projections.
Pores of different size are evident on the surface and their sizes reflect the strength of the discharges. Since the creation of porosity cannot be prevented during the PEO process, it is important to find ways to keep the pores as small as possible as well as producing as uniform as possible layers. However, the density of these holes has been reported to decrease substantially with increasing process time [14, 27] . The pore size in the coatings varies from 0,01 to a few µm [14] . Furthermore, there are also many very small holes (micro-pores) in the surface, which are due to gas bubbles ejected from surface discharges as shown in Fig. 7 (a,b). If necessary, the porosity can be decreased by proper adjustment of the current mode and density, or/and impregnation by various materials. For example, the bipolar and unipolar current modes for the PEO coating of a AJ62 magnesium alloy have been compared and it has been shown that the use of a bipolar mode can reduce the pore density and size, as well as other coating defects [28] . Although a porous microstructure may be beneficial as lubricant reservoir to decrease wear, and for biocompatible applications where it is beneficial for the rapid adhesion and growth of cells, resulting in a significantly stronger bond to the parent tissue [29] , it will also result in a decrease in corrosion resistance of the PEO coatings. The surface roughness also increases as the coating thickens. The actual roughness depends on the particular alloy and the treatment parameters.
As the PEO coating thickens, the evolving micro discharges continuously affect the sintering, crystallization and phase transformations in the coating. The PEO coatings are generally described as a multilayer system. Fig. 7 (c-d) illustrates the structure of a typical PEO coating (example is for a Mg-alloy). The coating is composed of three layers namely: a porous outer layer, intermediate dense layer and thin inner dense layer. Coating thickness can range from few to more than 200 microns. However, it should be noted that the PEO layer is partly growing into the original substrate surface and is partly built-up on top of it. Coating growth rate, relative sizes, structure and composition of their different regions are greatly influenced by substrate composition, electrolyte composition and current operating modes and magnitude [3, 30, 31] .
Nie et al [32] studied the microstructure of the inner layer, near the coating/substrate interface, using cross-sectional TEM (Fig. 8) . This layer exhibits a number of (predominately amorphous) sub-layers, whilst the lower portion of the intermediate layer has a nano-scaled polycrystalline microstructure. The characteristics of the coating near the interface with the Al 6082 alloy substrate can be divided into hree sub-layers (1, 2 and 3 in Fig. 8(a) ). [35] in three different electrolytes (Bath A contains 0.09 mol/l KOH, 0.5 mol/l KF, 0.1 mol/l K 4 P 2 O 7 , Bath B contains an extra 9 g/l ZrO2 while Bath C contains an extra 9 g/l TiO2), is presented in Fig. 9 .
Previous work [32, 36] had also shown some porous areas near the interface of MgO and Al 2 O 3 coatings on Mg and Al substrates using transmission electron microscopy (TEM) [32] . The Al 2 O 3 coating was however demonstrated to have superior mechanical and wear properties [32] . On the other hand, such a porous region was not observed in a TiO 2 coating on Ti6Al4V alloys after the PEO process [37] .
For the PEO coatings on Al alloys, the porous outer layer consists predominantly of the low temperature modification of alumina, γ-Al 2 O 3 , with poor mechanical properties. The dense inner layer, on the other hand, is comprised of the mixture of high temperature α-Al 2 O 3 modifications of Al 2 O 3 and complex Al-X-O phases (X is an element from the electrolyte eg. Si, P), where complex phases of the substrate alloying elements are observed in a thin, interfacial region below the dense layer. The content of the α-Al 2 O 3 phase is increased with increasing coating thickness, which may be attributed to the following two reasons. First, any phase transformation takes place when the discharges are strong enough to heat the oxide coating to the required temperatures, for a time adequate to allow phase transformation. Second, internal residual stresses will be formed as result of the rapid heating and cooling cycles experienced during coating formation. The formation of stable α-Al 2 O 3 is favored by relief of these stresses [30] . The aluminum oxide coating morphology and microstructure were also significantly different under different current operating modes [33, 38] . The bipolar current mode could improve the coating quality compared with the unipolar current mode, in terms of surface morphology and cross-sectional microstructure. A dense coating morphology could be achieved by adjusting positive to negative current ratio and their timing to eliminate or reduce the strongest plasma discharges [39] . PEO coatings have excellent adhesion with substrate, which is due to a transition layer on the interface. The transition layer is growing both inside the substrate, and outside, as a result, the coating is integrated with the substrate. The effect of the substrate chemical composition on phase evolutions in the PEO coatings formed has been investigated [4, 26, 39] . It has been shown that the amount α-Al 2 O 3 phase can be substantially increased, reaching 60 % or more, for coatings produced on aluminum alloys containing 4 -5 % Cu [4] . Such high fractions of the α-Al 2 O 3 phase is generally regarded as responsible for the high hardness, up to 16-25 GPa [26] , and low bulk stiffness, of PEO coatings which makes them attractive for wear protection. However, the electrolyte composition is a key factor in promoting any specific phase formation. For instance, it has been shown that, sodium aluminate (NaAlO 2 ) in the electrolyte can be, at least partly, responsible for the formation of more α-alumina [38] . 
Coating formation mechanisms
Electrochemistry of plasma electrolytic oxidation (PEO)
The growth of the oxide coating mainly occurs due to three different, yet simultaneous, processes, namely: the electrochemical reactions, the plasma chemical reactions [40] [41] [42] and thermal diffusion. The electrochemical formation of surface oxide layers can occur through different mechanisms depending on the electrolyte, eg. silicates, aluminates, phosphates. The PEO coatings are usually produced by AC or bipolar current mode, containing both anodic and cathodic components. An early investigation of the basic electrochemical processes of AC PEO coatings on Ti, has been carried out by Yerokhin et al [43] using AC current mode and a complex aluminate-base electrolyte. According to their study an oxide layer formation is induced both by the ionic component of the current which is transmitted via surface discharges and by the anodizing current passing across the surface which is free of discharges ( Figure  10 ). The other components of the current cause secondary electrochemical processes which lead to liberation of electrode gases (H 2 and O 2 ) and anodic dissolution of the titanium metal as shown in Figure 10 , where the following general reactions normally occur: Figure 10 . Schematic diagram of current distribution during the PEO treatment of metals in AC mode [43] .
• Metal-oxide interface:
For alkaline aluminate solutions the anions (OH-and AlO2-) can take part in the following processes on the oxide/electrolyte interface [43, 44] :
Dissolution and oxygen evolution is quite common in aluminum PEO in alkaline solutions, where the following general reactions normally occur [30] :
i. anodic processes: 
ii. alumina chemical dissolution and oxidation of ejected Al:
It has also been found that the film growth rate decreased significantly with increasing electrolyte concentration, since the rate of anodic dissolution increased.
For magnesium alloys the main electrochemical reactions occurring at the metal/oxide and oxide/electrolyte interfaces are as follows [10, 15] :
• Metal-oxide interface: Reaction (11) is the anodic dissolution and (12) is the oxygen evolution reaction. The cation released from the metal (reaction (11) (13), (15), (16) and (17) . The unstable hydroxide Mg(OH) 2 dehydrates to MgO by the high temperature (reaction (14)), resulting from the plasma discharge.
Plasma discharge models and plasma chemistry
Several micro-discharge formation models have been proposed [45] [46] [47] [48] [49] . In the first model [46] , the micro-discharges appear as a result of the oxide film dielectric breakdown in a strong electric field. The second group of models considers each microdischarges as a gas/glow discharge occurring in a micropore of the oxide film [47] . The formation of a gas phase in the pore (and discharge ignition in it) is believed to be induced by an initial dielectric breakdown of a barrier layer in the bottom of the micropore [45] . The third model [49] assumed the possibility of free electron generation and glow discharge ignition in the gaseous media at the oxide-electrolyte interface, which leads to heating, melting and quenching the underlying oxide layer. Any other model considers the formation of the micro-arc discharge as an electronic 'avalanche', or due to an electronic tunneling effect [48] . Yerokhin et al [45] found that the above models [46] [47] [48] [49] do not fit the spatial, temporal and electrical characteristics of microdischarge phenomena which were observed in their investigation. They suggested a new model based on the analogy with contact glow discharge electrolysis. The model assumes the possibility of free electron generation and glow discharge ignition in the gaseous media at the oxide-electrolyte interface, which leads to heating, melting and quenching of the underlying oxide layer.
Recently, optical emission spectroscopy (OES) has been used to investigate the plasma discharge behavior during the PEO process [4, 33] . Species from the substrate (Mg, Al and Ti) and the electrolyte (H, OH, Na and K) were found to be involved in the plasma discharge during the PEO process. The evolution of the spectra is considered to reflect the change in mechanism that initiated the plasma discharge, from bound-bound transitions of electrons between atomic level to collision-radiative recombination of electrons (bound-free transitions) and Bremsstrahlung radiation (free-free transitions). According to Dunleavy et al [33] , the plasma emission spectra indicated that there were two distinct regions of the plasma, a central core of high temperature (~16, 000 ± 3500 K), with a high electron density (N e ~5× 10   17   cm   -3 ) and a peripheral region, probably extending into the surrounding electrolyte, which was much cooler (~3000-4000 K) and less dense (N e ~5× 10   15   cm   -3 ). Hussein et al studied the evolution of the emission spectra of plasma discharge during the PEO process [39] . The fluctuations in plasma intensities and temperatures during the plasma discharging as well as the coating morphology were found to be due to the different types of discharge, which originated at the metal/coating interface (type B), within the coating upper layer (type C), or at the coating surface/electrolyte interface (type A) [4] . Type B discharges are responsible for the high temperature spikes (up to 10 000K) present in the electron temperature profiles. On the other hand, type A and C discharges produce the base temperature profile and any small fluctuations around this base line (~ 4500K).
Hussein et al. [10] have described the coating development during PEO processing based on a general theory of the breakdown of a metal/dielectric system in an electric field, optical emission spectroscopy observations and SEM/EDX analysis of the coatings. Their general coatings mechanisms can be applied to the PEO processing of any of the light-weight metals (Mg, Al, Ti or Zr). However process parameters including electrolyte composition or electrical parameters (DC, AC, unipolar, bipolar, constant current or voltage) have a significant effect on such mechanisms. Figure 11 is a schematic of a PEO coating process on a magnesium substrate. For PEO an appropriate electrical potential is applied to substrate to increase the thickness of the thin oxide layer on the surface of the alloy which could provide a very limited protective effect (Fig. 11(a) ). As the surface has been passivated by a non-conductive oxide coating, the voltage between the substrate and the electrolyte rapidly rises as the native oxide thickens (Fig 11(b) ) and within a few minutes the voltage reaches several hundred volts. The voltage increases until it has become too high for the dielectric coating and a microscopic plasma discharge breaks the coating and generates a large number of very short-lived, very small plasma discharges (Fig 11(c) ). These discharges result in localized plasma reactions, with conditions of high temperature and pressure which modify the growing oxide. This breakdown results in the formation of a slightly thicker coating, which will be broken again in the course of the next cycle, under a slightly higher potential difference. During the process, the number of discharges decreases but their intensity increases.
An important consequence of the occurrence of those discharges is the development of metallurgical processes in the growing oxide layer, which are induced by the heat liberated in discharge channels from the electron avalanches. Because of the local high temperature ~10 4 K [4, 50] and the strong electric field, of the order of ~ 10 6 V/m [3] , molten oxide is ejected from the discharge channels in the coating/substrate interface into the coating surface where it is rapidly solidified and re-crystallized by the electrolyte , Fig 11(d) . As a result, decomposition of metal hydroxide to oxide and formation of complex compounds can occur, Fig 11(e) . The intensity of these processes depend on the density and power of the discharges which are known to be defined by thickness of the oxide layer. Therefore, the thicker the layer, the less frequent, yet more powerful and extended, the discharges become [10] .
As shown in the schematic diagram Fig. 11(b) , the metal cations that transfer away from the metal substrate react with anions to form a ceramic coating. On the other hand, oxygen anions transfer into magnesium substrate due to the high electric field in the discharge channels and react with Mg 2+ cations to form a ceramic coating. The instantaneous high temperature and high pressure in the discharge zone greatly enhances inter-diffusion between the oxygen anions and magnesium cations in the coating near the discharge zones. At higher plasma temperatures, the thermal energy supplied to the diffusing ions (O 2-) allows the ions to overcome the activation energy barrier and more easily move and interact with the magnesium cations Mg 2+ produced during the discharges to form MgO.
Growth mechanisms
The plasma chemistry of the surface discharges is quite complex in nature, involving, on one hand, charge transfer at the substrate/electrolyte interface, and on the other hand, strong ionization and charge transfer effects between the substrate surface and the electrolyte through the oxide layer with the aid of the plasma [10, 51] . Generally, the discharge event tends to occur in the coating-substrate interface or regions near the interface, which are responsible for the thermal and chemical conditions at the metal surface, thus playing an important role in formation, composition, and structure and stress state of phases formed. However, it is worth mentioning that the discharges induce no changes of substrate microstructure or texture. Processes such as melting, melt-flow, re-solidification; sintering and densification of the growing oxide take place during the PEO coating process.
Linearity of the growth rate:
Most PEO studies indicate that the coating thickness increases linearly with coating time [31, 52] . However, some research [41, 53] shows that such linearity could break down at longer treatment times. According to Sundararajan et al.'s proposed growth mechanism [31, 52] , the growth of oxide layers results only from molten substrate elements which are oxidized when flowing out through the discharge channels that are created due to the oxide layer breakdown. In this way, an oxide is formed which contributes to the layer when being ejected from the channels and rapidly cooled at the surface-electrolyte interface. Discharge channels are continuously formed and move on the coating surface and since they have a finite life, they are formed and closed continuously through the coating process and contribute to the coating thickness.
Inward and outwards coating growth:
Xue et al [41] describe the growth mechanism of the ceramic coating layer as a combination of inward inwards to the alloy substrate (inner layer) and outwards to the coating surface (outer layer) simultaneously. Fig. 12 is a schematic diagram of the coating development during PEO. The dashed line between Lo and Li in Fig. 12 represents the position of the original surface of the substrate before PEO treatment. During the early stages, the coating grows mainly outwards. After the coating reaches a certain thickness the inner layer grows faster than the outer layer. However, at this time, the coating thickness continues to increase in both directions. The inner growth is attributed to the growth of the compact layer at the film/substrate interface by diffusion or transport of oxygen, while the growth of outer layer onto the surface are due the electrochemical and the plasma chemical reactions. 3. Growth of compact layer at film/substrate interface by diffusion or transport of oxygen: At longer processing times, the inward coating growth rate increases. This change may be connected to the increase of thermally-activated diffusion. For PEO process, both thermally-activated diffusion and ions transformation have an important contribution leading the coating growth [52] . Inward oxygen diffusion plays a key role in coating growth, and the growth rate of the PEO process coating is controlled by the rate of transferring oxygen towards the magnesium substrate as shown in the schematic diagram of Fig. 11(b-e) .
Growth rate dependent on the process parameters:
The rates of growth of the outer and inner oxide layers are process parameter dependent. They result from a combination of three processes namely, (i) discharge processes causing the substrate to melt and oxidize when flowing out through the discharge channels and being rapidly cooled at the surfaceelectrolyte interface, (ii) partial destruction of the outer layer due to strong discharges and (iii) diffusion of oxygen process from the electrolyte towards the substrate through the coating.
Corrosion protection afforded by PEO coatings
Mg-alloys
Magnesium and its alloys have gained increasing attention for applications requiring high strength to weight ratio, high thermal conductivity, excellent castability, and ease of recycling. However, magnesium alloys exhibit very poor corrosion resistance caused by their chemically active nature, especially galvanic corrosion [2] , which can further cause severe pitting corrosion on the metal surface resulting in decreased mechanical stability and an unattractive appearance.
Song and Atrens have concluded that internal galvanic attack, due to potential difference between matrix and precipitates, and the instability of the magnesium hydroxide film formed on the surface of Mg alloys are the two main causes for corrosion of magnesium alloys [54] . When magnesium is exposed to an aqueous solution, both Mg(OH) 2 and MgO can be formed: Mg(OH) 2 is in contact with the metal, and on top of the hydroxide layer is a MgO layer that has direct contact with the aqueous solution. For pure Mg, this layer is not protective at pH values below 10.5, unless additional alloying elements are added to pure Mg. The corrosion mechanism for the Mg alloys is more complex than that for pure magnesium, due to a multiphase microstructure. Shi et al [55] pointed out that corrosion rate of Mg alloys is strongly dependent on the composition of the α-Mg matrix and the distribution of the other phases. Such phases have the tendency to accelerate the corrosion of the α-phase. In order for a coating to provide adequate corrosion protection for Mg and Mg alloys, the coating must be uniform with minimum defects and pores and well adhered.
Coating surface morphology, porosity, structure and corrosion behavior of ceramic coatings on Mg-alloys, are affected by many parameters including, electrolyte composition and concentration, the substrate composition, and the process parameters (including current density, current mode, applied voltage, temperature, and treatment time [10] . Test methods most commonly used to determine a corrosion rate of the PEO coatings are immersion tests, potentiodynamic polarization studies and impedance spectroscopy (EIS) [56] .
Immersion testing is the most frequently conducted test for evaluating the corrosion of metals in aqueous solutions and can be used for evaluate the resistance of the metal to pitting, crevice corrosion and galvanic corrosion. It is basically depends on total immersion of a test specimen in a corrosive solution for a period of time and then immediately examining it. The electrochemical technique of Tafel extrapolation of polarization curves is also widely used for the evaluation of the corrosion of Mg alloys, in particular coated Mg alloys, because it is simple and fast. Atrens and co-workers [57] have raised a number of issues concerning the reliability of the Tafel extrapolation technique for corrosion measurement of Mg and Mg alloys, and therefore, suggest that Tafel extrapolation should be used with appropriate caution. Electrochemical impedance spectroscopy (EIS) can provide valuable information about surface treatment layers on PEO-coated magnesium, and the interfaces between electrolyte/coating/ substrate [10] . It also allows the kinetics of heterogeneous electron-transfer reactions, coupled chemical reactions, or adsorption processes to be studied, and can provide information about pitting and crevice corrosion [58] .
Corrosion studies have been mainly performed in aqueous NaCl solutions which can simulate natural seawater of any specified salinity, or in Hanks solution or simulated body fluid (SBF) for biocompatibility studies [59] . Zhang et al. [60] were the first to use Hanks solution to study the corrosion behaviour of PEO-treated Mg alloy samples, followed by Xu et al [61] . All PEO coatings reduced the corrosion rate to a certain extent. However, longer exposure of the PEO coated samples to an aggressive medium will minimize the protection process due to the defects and open pore structures of the PEO layers. Defects always exist as a result of many factors including: discharging process, solidification process, mechanical stresses, and gas evolution during the process. Figure 13 shows the effect of different PEO treatment time on the corrosion properties of AZ91D Mg alloy in 3.5%NaCl solution [62] . The potentiodynamic results show that the corrosion current density (icorr) decreased with PEO processing time. However, the corrosion potential (Ecorr) was relatively constant. The EIS results revealed that 2 orders of magnitude higher resistance of the inner layer, mainly contributed to the overall resistance of PEO coating.
Using potentiodynamic polarization curves and electrochemical impedance spectroscopy, Barik et al studied the corrosion performance of PEO coatings, and demonstrated that unsealed PEO coating allows permeation of the solution through the pores in the coating [63] . The corrosion rate of the various magnesium alloys coated using either the PEO method and composite polymer-containing coatings has recently, been investigated by Gnedenkov et al [64] using a scanning vibrating probe method (SVP). The SVP method allows the study of the changes in the electrochemical activity of the sample on a micro scale and is particularly useful in investigating the effect of the alloy composition and microstructure on corrosion behavior [62, [64] [65] . According to their analysis of the SVP data, they conclude that the secondary phases in a VMD10 Mg alloy have a greater effect than α-phase on the corrosion behaviour and accelerate the dissolution of the α-phase.
Comparison of the corrosion protection results offered by PEO is very difficult, due to the variation of the experimental test parameters including solution composition, concentration, test time and other parameters. Ma et al. reported that oxide films grown on a AM50 magne-sium alloy from a phosphate solution have better corrosion resistance [66] compared with coatings prepared in silicate solutions. However, Liang et al. [67] when comparing the PEO coatings on AM60B magnesium alloy formed in silicate and phosphate electrolytes concluded that PEO coatings produced in a silicate electrolyte are compact and uniform hence exhibit better corrosion resistance thus coatings formed in a phosphate electrolyte, which were relatively porous. Liang et al [68] investigated the electrochemical degradation of a silicateand phosphate-based PEO coatings on a AM50 magnesium alloy using a pulsed DC power supply in NaCl solutions of different chloride ion concentrations (0.01, 0.1, 0.5 and 1 mol/L). They conclude that the corrosion resistance of the Si-PEO coating was superior and the corrosion deterioration was slower than that of the P-PEO coating in mild corrosive electrolytes (0.01M and 0.1M NaCl). However, in the more concentrated electrolytes (0.5M and 1M NaCl), the Si-PEO and P-PEO coatings cannot provide a long-term protection to the magnesium alloy substrate due to the initiation of localized corrosion, and undergo further deterioration. Ding et al [69] investigated the influences of the addition of Na 2 WO 4 to the silicate based electrolyte and breakdown voltage on the PEO coatings microstructure, hardness and wear resistance. In the presence of Na 2 WO 4 , the coatings have excellent compactability and wear resistance. However, with increasing sodium tungstate concentration, the size of micropores in the PEO coatings prepared in the NaOH electrolyte increased and the corrosion resistance of the PEO coatings decreased [70] . Figures 14 (a,b) show the effect of electrolyte additives (shown in Table 3) on the corrosion performance of PEO coatings formed on magnesium alloy AZ91D [15] . The potentiodynamic polarization results show that the coatings made using electrolyte P had a relatively lower Tafel slope due to a thinner coating with more micro-defects than those made using B-or M solutions. The coating with the M-electrolyte had the highest Tafel slope, which was attributed to a thicker, uniform structure and compact inner barrier layer formed in the bath with additions of fluoride and borate. The different EIS behavior (corrosion resistance) of the PEO films was attributed to their different structures and chemical composition. Hussein et al [28] studied the PEO-coating corrosion resistance for AJ62 Mg-alloy using both electrochemical impedance spectroscopy (EIS) and potentiodynamic polarization measurements in 3.5%wt NaCl solution. In this study the use of two different current modes (unipolar and bipolar current modes) in sodium aluminates electrolytes for 45 minutes treatment time, were successfully improve the corrosion resistance of AJ62 compared to the uncoated alloy. However, the coating made using the bipolar current mode is more beneficial in improving the corrosion resistance of the PEO coating than the unipolar current mode, see Table 4 . Table 4 . PEO Process parameters for coating depositions on AJ62-Mg alloy and the corrosion resistance results from both potentiodynamic polarization (R p ) and EIS test (R total ) [28] .
The use of a bipolar current mode results in the formation of a dense (minimum defects) coatings with higher corrosion resistance compared to coatings obtained using a unipolar or DC mode. Arrabal et al [71] conclude that the AC PEO coating on Mg alloys reduces the corrosion rate by 2-4 orders of magnitude compared with uncoated alloys. Ma et. al. [66] showed that an enrichment of the MgAl 2 O 4 spinel phase in the coating, together with the minimum amount of cubic MgO, improves the corrosion resistance of the coating. The study of Barchiche et al [72] shows that increasing the treatment time rather than current density will improve corrosion resistance of the PEO oxide layer on AZ91D as well as a more passive behaviour of anodized layer was obtained with the higher concentrated electrolyte (3M KOH) due to the formation of more compact layer with minimum defects. In a review paper by Gu et al [56] , a comparison of the results obtained using immersion tests of Mg and Mg alloys showed that PEO coatings were more effective in terms of corrosion protection than other coatings including alkaline and fluoride treated surfaces and organic based coatings. Hussein et al [12] in their review paper compared the corrosion protection affected to a AZ91D Mg alloy by PEO coatings, see Table 5 . A close examination of the data shows a considerable variation in the corrosion current density i corr , which is not directly related to the coating thickness. Other studies have demonstrated the practicality of using PEO coatings as a pre-treatment, followed by a second different coating process to seal any pores and cracks formed during the PEO coating process [56, 62] . A number of sealing methods have been used for this purpose including: sealing in an organic polymer and sealing by the use of sols. The use of organic based coating, Sol-gel TiO 2 coating, immersion in SBF and electrophoresis deposition (EPD) of calcium phosphate-chitosan coatings on the top of PEO coatings on pure Mg and Mg alloy shows further improvement of the corrosion resistance compared to the PEO coating on its own [73] . A porous structure of the PEO coating is necessary for such treatment to be effective. Fig. 15 shows that the percentage reduction in corrosion rates of magnesium alloys with different coatings reported in the literature compared with uncoated samples [56] . The reported reduction in corrosion rate using a polymer coatings (chitosan coatings [78] , polycaprolactone and dichloromethane coatings [77] ), electrodeposition coatings (dicyclopentadiene (DCPD), hydroxyapatite (HA) and fluoridated hydroxyapatite (FHA) coatings [76] ), fluoride treatment [75] and alkaline heat treatment [74] , around 50-80% compared to more than 90% that can achieved using PEO coatings method [56] .
Refs. NA= not available; CV= constant voltage; CC= constant current; CP= constant power; P.P.= potentiodynamicl polarization; icorr= corrosion current density; Ecorr= corrosion potential. Table 5 . Examples of plasma electrolytic oxidation of AZ91D Mg alloy. Adapted from [12] .
PEO operational condition Coating
The studies by Arrabal et al [79] shows the effect of the immersion time and the effect of duplex coating combining PEO and polymer layer on AZ31 magnesium alloy as shown in Figs. 16 and 17. PEO treatment significantly increased the corrosion resistance of the AZ31alloy, but only for short immersion times due to the porous nature of the outer region of the PEO coating and deterioration of the inner barrier layer (Fig. 16) . As for the PEO + polymer coated specimens, high impedance values indicated almost negligible degradation of the polymer top-layer after 77 days in 5 wt.% NaCl solution and superior corrosion resistance properties of the PEO pretreatment (Fig 17) . AlKaline he [74] duction in co Fig. 15 . The r from [56] ). plots of PEO trdeposition [76] e for magnesi coated AZ3
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Al-alloys
The poor corrosion protection properties of uncoated Al substrates result from the fact that the corrosion resistance considerably decreases after the thin protective oxide film on the uncoated aluminium substrate surface is broken down by the corrosion processes. The corrosion resistance of PEO coatings on aluminum alloys was studied by Nie et al [32] , where the effect of thickness on the mechanism and properties of ceramic coatings were measured. They conclude that the PEO-coated 6082 Al alloys exhibited excellent corrosion resistance in 0.5 M NaCl solution, considerably better than even stainless steel. The corrosion protection properties of PEO coated aluminum alloys have been investigated using potentiodynamic polarization curves and electrochemical impedance spectroscopy (EIS) [63, [80] [81] . The corrosion performance of PEO-coated Al-alloys for long time immersion times can be divided into three stages: (i) the penetration of corrosive medium into aluminum alloy is inhibited effectively by the PEO coating in the initial stage of immersion (less than few hours); (ii) after immersion for more than 10-24 hours, the corrosive medium penetrated into the interface between the alloy and the coating, through the pores and cracks in the coating, and caused corrosion under the coating. Although a similar decreasing trend is observed in the resistance of the compact layer values, they are very high compared with the outer layer values measured for the porous layer at all immersion time.; and (iii) after immersion for more than 24 hours, corrosion processes were controlled by the diffusion of the corrosion products.
In the case of aluminum alloys, the PEO coatings are mainly composed of α-Al2O3 and γ-Al2O3 with some complex Al-Si-O phases also present. The relative phase amount, pore size, corrosion resistance and other properties of the coatings are significantly influenced by the PEO electrolyte concentration and compositions, and on the magnitude of the process parameters. Where the constituents of electrolyte participated in film formation reaction during the PEO process, the structure, composition and other properties of PEO films would vary with the electrolyte compositions. The amount of the harder α-Al2O3 phase could be increased by raising the current density [60] . For PEO coatings, the type of electrolyte is selected according to the substrate involved and the desired properties of the coating [82] . Higher sodium silicate concentration in the electrolyte results in higher growth rates, which may attributed to: more silicate is co-deposited with substrate oxidation and that an increase of the concentrations depresses oxide dissolution and the layer growth rate is increased [30] . It has been reported that phosphate was useful in enhancing the corrosion resistance of inner barrier layer of PEO coatings on aluminum alloys [83] . When the sodium tungstate concentration increases, the coating becomes thicker, contains more α-Al2O3, and has higher micro hardness and corrosion resistance. Li et al [84] obtained hard corrosion resistant alumina coating on AlSi alloy in borate electrolyte. A similar improvement was also achieved for other aluminum alloys, including Al-Cu, Al-Mg and Al-Zn-Mg [85] .
Khan et al [86] , and Hussein et al [87] , studied the PEO coatings on aluminum formed by unipolar and bipolar pulsed current methods. A bipolar current mode provides better corrosion resistance than unipolar mode due to the reduction of the pores and coating defects. Xue et al [88] through elemental analysis across the cross section of the coating performed after corrosion tests detected the presence of chloride ions only in the porous layer and not in the compact inner layer. Hence the corrosion resistance of the PEO coating is mainly derived from the inner compact layer. The evolution of impedance spectra with time, in general shows good correlation between the morphology of the oxide coating and the corrosion performance over a period of time.
Ti-alloys
Titanium and Ti alloys are remarkably resistant to corrosion owing to the formation of stable, self-healing oxide films on their surfaces. The major corrosion problem with Ti alloys may be in acidic environments, particularly when the acid concentration and temperature increase. In this case, the oxide film on Ti deteriorates and dissolves and the unprotected metal is oxidized to the soluble trivalent ion [89] . The PEO process has been recently used to prepare a porous and adherent titania coating which enhances corrosion resistance [90] [91] [92] [93] , bioactivity [94, 95] , and greater biocompatibility. Because the performance of PEO coatings strongly depends on the experimental conditions, such as the properties of the electrolyte and the PEO operation power, there are many reports on the relationship between the coating performance and the operation conditions. Zhang et al [96] conclude from EIS studies that the addition of calcium hypophosphite has significant influence on the growth process during the PEO coating stages prepared on a Ti6Al4V alloy under DC power. The equivalent circuit shown in Fig. 18 was used to analyze the EIS results in their study, where Rs is the electrolyte resistance; Q1 and Q2 model the electrical properties of the outer and inner layers, respectively; Rpo is the resistance of the electrolyte saturating the outer layer; and R2 represents the resistance of the inner layer. Here, Q, a constant phase element (CPE), is used to replace the pure capacitance. The equivalent circuits employed for curve fitting of the uncoated sample is illustrated in Fig. 18(b) where R CT represent the charge-transfer resistance of the naturally formed oxide film on Ti. XRD analysis by Li et al [97] shows that the 110 µm ceramic coating prepared on TiAl alloy by PEO method consisted of three layers: dense layer composed of Al2TiO5 and TiO2 rutile phases, intermediate layer and loose layer contained a large amount of amorphous SiO2 besides Al2TiO5 and TiO2 rutile phases. The electrochemical corrosion experiments showed that the coatings produced using both unipolar and bipolar current modes successfully improved the corrosion resistance in comparison with the uncoated material [44] . The corrosion resistance of the PEO-coated specimens was mainly determined by the thickness, composition and quality of the dense inner layer. Hussein et al [44] studies for Ti6Al4V indicated that the PEO coating led not only to decrease of cathodic process, but also appearance of a large passivation plateau on the anodic polarization curves. As the inner layer of PEO coating is a barrier layer to decrease the corrosion rate of the substrate, it is expected that the protection efficiency strongly depended on the thickness and density of the inner layer coatings. High applied voltage during PEO process can accelerate the migration process of the ions in electrolyte, which attracts the Ca2+ and PO43− ions to incorporate into the oxide layer by the electric field on the electrode and promotes the formation of the bioactive apatite [98] . On the other hand, the strong discharge phenomenon generated by high applied voltage increases the pore size which and decreases the density of the coating [99] . The longer immersion in simulated body fluid brings corrosive ions to penetrate through the porous layer resulting in the serious corrosion of the coated titanium alloy [100] . Moreover, cracks and poor adhesion easily arise from high applied voltage. Therefore, it is a key issue how to improve the corrosion resistance of the porous PEO coating with high bioactivity so as to alleviate toxicity and allergic reactions inside a living creature due to the release of metal ions to the adjacent tissue. By adjusting PEO parameters, including: current mode and density, treatment time and electrolyte composition and concentration, the distribution thickness between dense inner layer and porous outer layer and the structure of the coating can be controlled [92] . The compositional and morphological flexibility of coatings characteristic in PEO enables adjusting of calcium and phosphorus contents and structure of coatings favorable for bio adhesion between bone tissue and the implant [101] .
Conclusions
This chapter has demonstrated that several coating systems can be used to provide improved corrosion protection of (Al, Mg, Ti) alloys. The current coating schemes are complex, multilayer systems that incorporate many different technologies and must be conducted very carefully in order to adequately protect light weight metals from corrosion in harsh service conditions. In order to achieve optimum adhesion, one of the most widely used coating methods for corrosion protection is through the PEO technique. A PEO process can be used to produce an oxide layer on light weight elements using different electrolyte and/or current modes which significantly affect coating morphology and microstructure and hence, corrosion resistance. A dense coating morphology could be achieved by adjusting positive to negative current ratio and their timing to eliminate or reduce the strongest plasma discharges. The rates of growth of the oxide outer and inner layers are processes parameter dependent. They result from a combination of three processes namely, (i) discharge processes causing the substrate to melt and oxidize when flowing out through the discharge channels and rapidly cooled at the surface-electrolyte interface, (ii) partial destruction of the outer layer due to strong discharges and (iii) diffusion processes.
Potentiodynamic polarization corrosion tests and EIS results both showed that PEO coatings significantly increased the corrosion resistance of light weight alloys and the degree of protection is affected by the amount of porosity and other coating defects which control the penetration rate of the electrolyte into the PEO coating. The scope for industrial use of this technology is quite promising due to the process flexibility, low capital cost and the environmentally-friendly precursor materials that are utilized. However, major uncertainties remain concerning process optimization, control and consistency (repeatability). Further improvement and developments are taking place in PEO technology, particularly to produce composite coatings by co-deposition of materials, including polymers and organic materials, within and/ or at the top of the PEO layers.
Future trends
Research continues to be directed to identifying and developing new coating materials for automotive, aerospace, defense, textile, motor sports, electronics and oil and gas sectors. This is driven by the need for improved performance, reduced weight, increased multi-functionality and greater durability and also for reduced environmental hazards. Corrosion and wear resistance are traditional areas receiving the greatest attention. Both magnesium and aluminum alloys require an appropriate surface treatment to protect than against corrosion. PEO is certainly one of the most promising surface treatments for light weight alloys and is already in use for a number of applications, and as a replacement for hard anodizing especially for aluminum alloys. In addition to the excellent adhesion to the substrate, PEO coatings have higher thermal shock resistance, high dielectric strength and good optical properties. Using PEO coatings as a pre-treatment, followed by a second different coatings process (hybrid coatings) to seal the unavoidable open pores and cracks formed during PEO coating, the corrosion resistance of PEO coatings can be further improved for long immersion times or corrosion in very aggressive environments. However, the porous structure of the PEO coating is necessary because they offer good adhesion if used as a pre-treatment for biocompatibility or decorative applications. While PEO has become increasingly popular in order to compete with other processes, further improvements are essential for optimizing the process and to reduce costs. The capital costs, electricity consumption and process control and reproducibility are critical aspects to be worked on. 
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